The characteristics of energy storage and dissipation in TiNi shape memory alloys were investigated experimentally based on the superelastic properties under various thermomechanical loading conditions. The influence of strain rate, cyclic loading and temperature-controlled condition on the characteristics of energy storage and dissipation of the material was investigated. Temperature on the surface of the material was observed and the influence of variation in temperature on the characteristics was clarified. The results obtained can be summarized as follows. (1) In the case of low strain rate, the stress plateaus appear on the stress-strain curves due to the martensitic transformation and the reverse transformation during loading and unloading. In the case of high strain rate, the slopes of the stress-strain curves are steep in the phase-transformation regions during loading and unloading. The recoverable strain energy per unit volume increases in proportion to temperature, but the dissipated work per unit volume depends slightly on temperature. In the case of low strain rate, the recoverable strain energy and dissipated work do not depend on both strain rate and the temperature-controlled condition. (2) In the case of high strain rate, while the recoverable strain energy density decreases and dissipated work density increases in proportion to strain rate under the temperature-controlled condition, the recoverable strain energy density increases and dissipated work density decreases under the temperature-uncontrolled condition. In the case of the temperature-uncontrolled condition, temperature varies significantly due to the martensitic transformation and therefore the characteristics of energy storage and dissipation differ from these under the temperature-controlled condition. (3) In the case of cyclic loading, both the recoverable strain energy and dissipated work decrease in the early 20 cycles, but change slightly thereafter. (4) The influence of strain rate, cyclic loading and the environment on the characteristics of energy storage and dissipation is important to be considered in the design of shape memory alloy elements. q
Introduction
The shape memory alloys (SMAs) have been developed as the intelligent materials [1] [2] [3] [4] [5] . In SMAs, not only shape memory effect (SME) but also superelasticity (SE) appears. The large strain up to 8% disappears by heating in the case of the SME and by unloading in the case of the SE. The stress plateau appears due to the martensitic transformation (MT) and the reverse transformation during loading and unloading, respectively. In the case of the SE, the large hysteresis loop is observed in the stress-strain curve during loading and unloading. The area surrounded by the hysteresis loop denotes the dissipated work per unit volume. This means the fact that the dissipated work density due to the SE of SMA is high and therefore SMA has high performance of energy absorption or damping for vibration and impact deformation.
On the other hands, in the case of the SE, large strain is recovered by unloading. The area below the unloading curve on the stress-strain diagram represents the recoverable strainenergy density. The stress plateau due to the reverse transformation is high. This means the fact that the recoverable strain-energy density due to the SE of SMA is high and therefore SMA has high performance of energy storage to obtain the mechanical work.
In the recent research, it has been found that the properties of the SE depend on cyclic loading [6] [7] [8] , strain rate [9] [10] [11] [12] and the loading conditions [13] [14] [15] . In order to design SMA elements in Science which the properties of energy storage and dissipation due to the SE are used, it is important to evaluate these properties properly and to take them into account of the design. In the present study, the characteristics of energy storage and dissipation in TiNi SMAs were investigated experimentally. The experiments were carried out to investigate the influence of cyclic loading, temperature, strain rate and the temperature-controlled condition on dissipated work density and recoverable strain-energy density. It was confirmed that the characteristics of energy storage and dissipation in SMA depend on the thermomechanical loading condition and therefore these properties are important to be taken into account for the design of SMA elements.
Experimental method

Materials and specimen
The materials used in the experiment were a TiNi SMA wire and a TiNi SMA ribbon which were produced by Furukawa Electric Co., Ltd. Diameter of the wire was 0.75 mm. Width and thickness of the ribbon were 10 and 0.4 mm, respectively. The memorized shape is a straight line for the wire and a flat plane for the ribbon. The reverse-transformation finish temperatures A f were 323 K for the wire and 277 K for the ribbon. The length and gauge length of the specimen were 100 and 20 mm for wire, and 160 and 100 mm for the ribbon, respectively.
Experimental apparatus
The SMA characteristic testing machine was used for the experiments for the wire [16] . In the tests, temperature on the surface of the wire was measured through a thermocouple with diameter of 0.1 mm. The temperature was controlled by using the temperature-control system. In this system, specimen was heated by compressed hot air and cooled by liquefied carbon dioxide.
In the experiments for the ribbon, the infrared thermovision camera was used to measure temperature on the surface of the ribbon [17] . In the tests, ambient temperature was room temperature and temperature was not controlled.
Experimental procedure
In order to investigate the characteristics of energy storage and dissipation of the material, the following four kinds of tension test were carried out. In all tests, uniaxial tensile load was applied to the specimen under various thermomechanical conditions.
(1) Exp. 1: Low-strain rate test
The SMA wire was subjected to uniaxial tensile load under low strain rate of 1 The SMA ribbon was subjected to tensile load under various strain rates at room temperature (RT). In the test, ambient temperature at RT was not controlled. The temperature on the surface of the specimen was measured through a thermovision camera.
Experimental results and discussion
Energy storage and dissipation under low-strain rate
The stress-strain curves obtained by the low-strain rate test (Exp. 1) for maximum strain of 7.8% under strain rate d3/dt Z 1.67!10 K4 s K1 at various temperatures T are shown in Fig. 1 . The stress-strain curves for maximum strain of 4% at 353 K are shown in Fig. 2 . As can be seen in Fig. 1 , the upper stress plateau appears during loading between the points S M and F M . If temperature T is higher than A f Z323 K, the lower stress plateau appears during unloading between the points S A and F A , and the curve draws a hysteresis loop during loading and unloading, showing the property of the SE. The upper stress plateau appears due to the MT and the lower stress plateau due to the reverse transformation. Both the upper and lower stress plateaus increase with increasing T.
The SE stress-strain diagram is schematically shown in Fig. 3 . The area under the loading curve denotes the work per unit volume done during loading. Therefore, the area under the unloading curve denotes the recoverable strain energy per unit volume E r . The area inside the hysteresis loop during loading and unloading denotes the dissipated work per unit volume W d .
The relationships between E r and W d and temperature T obtained by the test in which the maximum strain 3 max was the MT-finish strain 3 Mf are shown in Fig. 4 . As can be seen in Fig. 4 , E r and W d increase with increasing T. The amount of variation in E r with T at temperatures above A f is very large, but that in W d is small. The values of E r and W d can be estimated approximately as follows. The stress plateaus due to the MT and the reverse transformation are represented by s M and s A , respectively, as shown in Fig. 3 . The relationships between s M and s A and temperature T are expressed by the straight lines as follows which are called the transformation lines [18, 19] .
where C M and C A represent the slopes of the transformation lines for the MT and the reverse transformation, respectively. T M and T A denote the transformation temperatures under no load for the MT and the reverse transformation, respectively. As shown in Fig. 3 , E r and W d are estimated approximately by the parallelograms and a triangle as follows.
where 3 max and 3 MS represent the maximum strain in the internal loop and the MT-start strain, respectively. E denotes modulus of elasticity. In the case of the perfect loop, 3 max is equal to the MTfinish strain 3 Mf . For TiNi SMA, C A and C M take the close values of 5-6 MPa/K. Therefore by assuming C A ZC M and by using Eqs. (1)- (4), E r and W d are expressed as follows.
The dependence of E r and W d on T shown in Fig. 4 (5) and (6), the dependence of 3 Mf on T is necessary to be considered.
In conclusion it can be ascertained the fact that E r and W d increase in proportion to 3 max and that E r increases with increasing T but W d depends slightly on T. 
Energy storage and dissipation under cyclic loading
The stress-strain curves obtained by the cyclic loading test (Exp. 2) for maximum strain of 7.7% and strain rate of 1.67! 10 K4 s K1 at TZ353 K are shown in Fig. 5 . In the figure, N denotes the number of cycles. The relationships between E r and W d and the number of cycles N are shown in Fig. 6 . As can be seen in Fig. 5 , the upper stress plateau s M decreases significantly in the early 20 cycles but decreases gradually thereafter. The lower stress plateau s A decreases with an increase in N but the amount of decrease is small.
As can be seen in Fig. 6 , both E r and W d decrease significantly in the early 20 cycles but approach a certain values thereafter. Therefore, in applications of SMA elements, if mechanical training is used before the practical use, the constant cyclic properties of E r and W d can be obtained.
In the case of elastic deformation in normal metals, the relationship between stress and strain obeys the Hooke's law. Therefore, recoverable strain energy E r can be evaluated as follows.
where s Y denotes yield stress. If EZ200 GPa and s Y Z200 MPa for mild steel, E r Z0.1 MJ/m 3 . Compared with this value, the value of E r shown in Fig. 6 is about 150 times larger than that of mild steel. This means the fact that the performance of the SE in SMA is excellent as the energy storage material.
Energy storage and dissipation under various strain rates
The stress-strain curves obtained by the strain rate test (Exp. 3) for maximum strain of 7.9% at TZ353 K under strain rates d3/dtZ1.67!10 K4 s K1 and 5!10 K3 s K1 are shown in Fig. 7 . The relationships between E r and W d and strain rate d3/dt for 3 max Z7.9% are shown in Fig. 8 .
As can be seen in Fig. 7 , in the case of d3/dtZ1.67!10 K4 s
K1
, an overshoot appears at the MT-start point S M followed by the upper stress plateau to the finish point F M in the loading process. In the same manner, an undershoot appeases at the start point S A of the reverse transformation followed by the lower stress plateau to the finish point F A in the unloading process. On the other hand, in the case of d3/dtZ5!10 K3 s
, the overshoot, undershoot and clear stress plateau do not appear. The slope of the stressstrain curve is steep in the regions of the MT and the reverse transformation.
As can be seen in Fig. 8 , E r and W d are constant in the region of strain rate below d3/dtZ5!10 K4 s
. E r decreases and W d increases in proportion to strain rate in the region of strain rate above d3/dtZ5!10 K4 s
. Therefore, it is ascertained that, in the case of higher strain rate, the function of energy storage is lower but that of energy dissipation or absorption is higher.
Deformation properties under temperature-uncontrolled condition
The stress-strain curves obtained by the temperatureuncontrolled test (Exp. 4) under strain rates d3/dtZ5!10 K4 s K1 and 10 K1 s K1 are shown in Fig. 9 . The stress-strain curve and the variation in temperature for d3/dtZ10 K2 s K1 during loading and unloading are shown in Fig. 10 . In the test, the ambient temperature was room temperature and temperature was not controlled. Temperature on the surface of the specimen was measured through the thermovision camera. Temperature increases based on the MT. At the point S M , the thin transformation band inclined by 428 to the axial direction of the specimen under tension appears in the central part of the specimen [17] . The transformation band in which temperature is high expands with progress of the MT. In Fig. 10 , the variation in temperature DT p denotes the value at the position where the transformation band appeared at first. The variation in temperature DT was obtained as an average value of temperature variation on the surface area (10 mm!100 mm) of the specimen. As can be seen in Fig. 9 , the upper stress plateau and the lower stress plateau appear in the case of d3/dtZ5!10 K4 s
K1
during loading and unloading. On the other hand, in the case of d3/dtZ10 K1 s
, the slopes of the stress-strain curves are steep in the regions of the MT and the reverse transformation.
As can be seen in Fig. 10 , temperature variation DT increases up to 28 K due to the MT during loading. At the start point S A of the reverse transformation, temperature is still higher than room temperature by about 25 K. In this test, temperature was not controlled to keep constant, and therefore heat generated due to the MT is difficult to be transfered into air in a short time under high strain rate and the amount of decrease in temperature DT at the point S A is small. Between the start point S A and the finish point F A of the reverse transformation, the reverse transformation progresses and temperature decreases due to the reverse transformation. Since the transformation stress increases with increasing temperature as expressed by Eqs. (1) and (2), the slope of the stress-strain curve is steep according to an increase in temperature due to the MT in the loading process. In the same manner, the slope is also steep according to a decrease in temperature due to the reverse transformation in the unloading process. Since the reverse transformation occurs under high stress due to high temperature at the point S A , the slope of the unloading curve is steeper.
Influence of temperature-controlled condition on energy storage and dissipation
The relationships between recoverable strain energy density E r and strain rate d3/dt for maximum strain of 6% in the case of temperature-controlled condition (Exp. 3) and the temperatureuncontrolled condition (Exp. 4) are shown in Fig. 11 . Also the relationships between dissipated work density W d and d3/dt are shown in Fig. 12 .
As can be seen in Figs. 11 and 12 , both E r and W d are constant in the region of low strain rate below d3/dtZ5!10 K4 s
K1
. In the region of higher strain rate above d3/dtZ5!10 K4 s
, while E r decreases and W d increases in proportion to strain rate in the case of temperature-controlled condition, E r increases and W d decreases in the case of temperature-uncontrolled condition.
TiNi-test2 As discussed in the previous section, in the case of temperatureuncontrolled condition under high strain rate, there is not enough time for heat generated due to the MT to be transfered into air, and therefore temperature varies significantly, resulting in large variation in stress. Based on large variation in stress, E r increases and W d decreases under high strain rate. The condition under low strain rate corresponds to the isothermal process and the condition under high strain rate to the adiabatic process. In applications of SMA elements, the temperature-uncontrolled condition corresponds to the case to be used in air without airflow. The temperature-controlled condition corresponds to the case for thin SMA elements subjected to airflow at high velocity or used in water. The dependence of E r and W d on strain rate under high strain rate is quite different between the temperaturecontrolled and temperature-uncontrolled conditions. Therefore, it is important to consider the influence of the environment or the temperature-controlled condition on energy storage and dissipation under high strain rate in the design of SMA elements.
Conclusions
The characteristics of energy storage and dissipation in TiNi shape memory alloys were investigated based on the superelastic properties under various thermomechanical loading conditions. The results obtained can be summarized as follows.
(1) In the case of low strain rate, the stress plateau appears due to the martensitic transformation and the reverse transformation during loading and unloading. In the case of high strain rate, the slopes of the stress -strain curves are steep in the phase-transformation regions during loading and unloading. The recoverable strain energy increases in proportion to temperature, but the dissipated work depends slightly on temperature. In the case of low strain rate, the recoverable strain energy and dissipated work do not depend on both strain rate and the temperature-controlled condition. (2) In the case of high strain rate, while the recoverable strain energy decreases and dissipated work increases in proportion to strain rate under the temperature-controlled condition, the recoverable strain energy increases and the dissipated work decreases under the temperature-uncontrolled condition. (3) In the case of cyclic loading, both the recoverable strain energy and dissipated work decrease in the early 20 cycles, but change slightly thereafter. (4) It is important for the design of SMA elements to take account of the influence of strain rate, cyclic loading and the environment on the characteristics of energy storage and dissipation.
